Radio binding assay and dot-virus protein binding assay were carried out to study the difference in binding of the brush border membrane fraction (BBMF) in Aedes albopictus (Skuse) and Culex quinquefasciatus (Say) (Diptera: Culicidae). The BBMF of Ae. albopictus displayed higher saturation and relative binding characteristics, while the BBMF of Cx. quinquefasciatus showed low saturation and non-relativity. The virus overlay protein-binding assay was then adopted to detect virus-binding protein in the midgut of the two mosquitoes. We detected one 35-kDa virus binding protein in the midgut of Ae. albopictus, whereas none was found in the midgut of Cx. quinquefasciatus. The relationship between dengue-2 virus binding to the midgut of mosquitoes, and the mosquito mesenteron infection barrier against dengue 2 virus are discussed.
INTRODUCTION
Dengue fever/hemorrhagic fever is one of the most important arbovirus diseases (Gubler, 1989) , and Aedes albopictus (Skuse) has proven to be the major vector of dengue fever in the Chinese mainland (Lu, 1990) . Culex quinquefasciatus (Say), which is also widely distributed in tropical and subtropical zones, is not considered a dengue fever vector (Tang et al., 1987; Huang et al., 1992; Zhao and Lu, 2003) . It is thought that the mesenteron infection barrier of Cx. quinquefasciatus disables its dengue virus vector competence (Dong et al., 2000; Xie et al., 2002) .
After the dengue virus enters the midgut after a mosquito bites an infected person, it first binds to virus-binding protein in the midgut and then invades midgut cells (William et al., 2002) . The mosquito finally develops competence as a dengue fever host. From this viewpoint, the binding property of dengue to the midgut of mosquitoes demonstrates the mesenteron infection barrier and a mosquito's vector competence. In order to infect cells or tissue, the virus must attach to the surface of cells and tissue via a virus-binding receptor protein, and this attachment is considered a major determination of viral host-range and tissue tropism (Hase et al., 1989) .
There are many receptors for nutritive substance ingestion and pathogen infection on the brush border membrane fraction (BBMF), which overlays the atrium surface of the mosquito midgut, so dengue virus binding to BBMF is the key factor in midgut infection. In this paper, we describe the characteristics of binding to BBMF of Ae. albopictus and Cx. quinquefasciatus with dengue-2 virus through a virus-protein binding assay. These two BBMFs displayed significantly different characteristics of binding with dengue-2 virus, suggesting a different virus-binding molecule in the mosquito midgut. Using the virus overlay protein-binding assay (VOPBA), we detected one virus-binding protein, approximately 35-kDa, in the midgut of Ae. albopictus, but none was detected in the midgut of Cx. quinquefasciatus.
In the present study, we investigated the binding of dengue-2 virus to BBMF in two mosquito species and detected a virus-binding protein molecule on BBMF. Different binding characteristics of dengue-2 virus with the midgut of Aedes albopictus and Culex quinquefasciatus are described in this paper, providing partial evidence to support the mesenteron infection barrier theory from pathogenetic and vector competence viewpoints.
MATERIALS AND METHODS
Mosquito strain. Ae. albopictus (Guangzhou strain) and Cx. quinquefasciatus (Guangzhou strain) were kept in an insectary maintained at 26Ϯ1°C and 75Ϯ5% RH.
Virus. Dengue-2 virus, New Guinea B strain was cultured on C6/36 monolayer in DMEM (Sigma) liquid media with 10% fetal bovine serum.
Virus production and purification. The virus was inoculated onto a C6/36 monolayer at an M.O.I. of 3. The supernatant fluids of infected cells were harvested 3 days post-infection (p.i.), and centrifuged at 4°C, 10,000ϫg for 20 min. The supernatant was incubated overnight with 6.6% polyethylene glycol 6000 and 2.5% NaCl at 4°C, and then the overnight mixture was centrifuged for 30 min at 4°C, 10,000ϫg. The pellet was re-suspended in GTNE buffer (50 mM Tris-HCl, 20 mM glycine, 100 mM NaCl, 1 mM EDTA), stored at 4°C overnight a second time, and centrifuged (Beckman Coulter OPTIMA XL-70) for 3 h at 4°C, 100,000ϫg to pellet the virus, which was finally resuspended in GTNE buffer and stored at Ϫ70°C until use. The finally titer of the stored virus was 10 6 -10 8 TCID 50 /ml. Dengue virus radiolabeled. Two days p.i., the culture supernatant fluids were discarded, the monolayer cells were rinsed three times with methionine-free medium DMEM (Sigma), and then grown for another 24 h in methionine-free medium containing 50 mCi/ml [H 3 ]methionine (Amersham). The virus was then purified as described above.
BBMF preparation. BBMF was prepared as described by Nielsen-Leroux and Charles (1992) .
The midguts were extruded by dissection in icecold BBMF buffer-A, and then ground in ice-cold BBMF buffer-B. The mixture was then centrifuged at 3,000ϫg for 15 min at 4°C; the supernatant was kept on ice for 20 min, while the pellets were resuspended in BBMF buffer-B and processed for the second homogenization. The resulting supernatant was pooled with the first and centrifuged at 11,000ϫg for 60 min at 4°C. The resulting pellet was then re-suspended in BBMF buffer-A. Its yield was determined by the method of Lowry et al. (1951) and it was stored at Ϫ70°C until required.
Radio binding assay. BBMF were mixed with different amounts of radiolabeled virus; binding was carried out at 4°C for 2 h with gentle rocking. The mixture was then filtrated through a nitrocellulose membrane (0.2 mm, Amersham Bioscience) using Millipore apparatus, the NC membrane was washed with cold PBS (pH 7.4) three times, and the radioactivity of each sample's NC membrane was measured by immersing in scintillation liquid with a scintillation counter. Assays were performed twice and each sample was tested in triplicate. General Linear Models Procedure with SAS @ 6.0 (SAS Institute, Inc., Cary, NC, USA) was used to study the difference between BBMF of Ae. albopictus and Cx. quinquefasciatus binding to dengue-2.
Dot-virus protein-binding assay. BBMF were applied to an NC membrane using dot-blot apparatus. The membrane was incubated in block solution (5% skim milk) for 2 h at room temperature (RT), and then exposed to 1.0ϫ10 6 TCID 50 /ml virus overnight at 4°C. After extension washing, the membrane was allowed to react with anti-dengue virus immune mouse ascetic fluid 2 h at 4°C. After being washed three times with PBS at 4°C for 10 min and once in Tris-HCl (pH 7.5) for 10 min at RT, a secondary sheep anti-mouse immunoglobulin conjugated with alkaline phosphatase was incubated with the membrane for 1 h at RT. Finally, dot blots were visualized in alkaline phosphatase substrate solution. To evaluate the binding virus exactly, the dark value of each point was measured with Image J software (Wayne Rasband, N.I.H., USA, http://rsb.info.nih.gov/ij/download/) (Zhang et al., 2001) . Correlation analysis was performed with SAS @ 6.0 for the dark value with the dosage of BBMF.
VOPBA. Virus overlay protein-binding assay (VOPBA) was performed as described by Ludwig et al. (1996) with some modification. Briefly, BBMF (70-80 mg) were separated by 12% SDS-PAGE, and then blotted onto NC membrane. After overnight renaturalization with 4% BSA at 4°C, the NC membrane was blocked for 2 h at RT with block solution. The NC membrane was then incubated overnight with 1.0ϫ10 6 TCID 50 /ml virus in block solution. After washing three times in washing solution (1% skim milk), the membrane was immersed in dengue virus (D1-11) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at RT. After four washings, a secondary sheep antimouse immunoglobulin conjugated with horseradish peroxidase was incubated with NC for 1 h at RT. The membrane was washed two times in washing buffer and three times in PBS. Virus binding was visualized on X-ray film using an enhanced chemiluminescence substrate (PIERCE Super Sigal ® West Pico trial kit, Rockford, IL, USA). Negativecontrol VOPBA was performed in the absence of the virus and instead, the same volume of GTNE buffer containing pellets formed by taking the supernatant of C6/36 as the raw material and performing the same procedure as for virus purification.
RESULTS

Radio binding assay
A fixed amount of BBMF (25 mg) was incubated with growing radiolabeled dengue-2 virus, and the bound virus was quantified by counting the BBMFvirus compound blotted onto an NC membrane (0.2 mm), and then graphs of these data were drawn using Microsoft Excel.
As the radio binding assay results ( radio binding assay (Tables 2 and 3 ). There were significant differences among the virus dosages (A) (p A ϭ0.0001Ͻ0.01), between mosquito species (B) (p B ϭ0.0001Ͻ0.01), and between virus dosages and mosquito species (A * B) (p A * B ϭ0.0001Ͻ0.01). Significant differences between mosquito species at different virus dosages were also analyzed (Table 3) , and no significant differences were found between two mosquito species at virus dosages of A1 and A2 (p A1 ϭ0.1181Ͼ0.05 and p A2 ϭ0.2349Ͼ 0.05), but among two mosquito species at virus dosages of A3, A4, and A5 (p A3 ϭ0.0011Ͻ0.01, p A4 ϭ0.0001Ͻ0.01, and p A5 ϭ0.0001Ͻ0.01). Significant differences were also found between Ae. albopictus and Cx. quinquefasciatus (pϭ0.0001Ͻ 0.01) in the binding of dengue-2 virus with BBMF.
Dot-virus protein-binding assay
The dot-virus protein-binding assay was adopted to investigate the binding relativity of dengue-2 virus with BBMF from two kinds of mosquitoes. To clarify the virus-binding relativity discrepancy between the two kinds of BBMF, we used Image J software to calculate the dark value of every point and drew the graphics with Microsoft Excel using these data.
On the NC strip, the virus could bind to BBMF from Ae. albopictus grown with the BBMF dosages added, and the dark value of dots increased from 186.48 to 289.21 gradually; but virus binding with the BBMF of Cx. quinquefasciatus did not change in correlation with the BBMF dosage added, and the ascending dark value of dots stopped at the third dot (dark value was 215.71, the dark value of the last dot was even lower than the previous dots) (Table 4 and Fig. 2 ). This difference is more obvious on the graphs; the dark value of BBMF from Ae. albopictus increased with increasing BBMF dosage, but the dark value stopped at one point 52 M. LIU et al. (BBMF Ϸ3 mg, dark value Ϸ200) on the curve of BBMF from Cx. quinquefasciatus, even though BBMF was added (Fig. 3) .
Correlation analysis performed with SAS @ software 6.0 on the dark value with the dosage of BBMF showed that the correlation between dark values with the BBMF dosage from Ae. albopictus was significant (Rϭ0.98777, pϭ0.0122Ͻ0.05), but non-relative (Rϭ0.64435, pϭ0.3556Ͼ0.05) to the BBMF of Cx. quinquefasciatus.
VOPBA
Dengue-2 virus was incubated with BBMF protein subjected to 12% SDS-PAGE and was transferred to an NC membrane in order to determine whether the midgut of two kinds of mosquitoes had virus-binding protein that could bind to dengue-2 virus.
It was shown that dengue-2 virus could bind to one molecule of approximately 35-kDa protein in the midgut of Ae. albopictus, but no dengue-2 virus-binding protein could be detected in the midgut of Cx. quinquefasciatus (Fig. 4) . Negative molecules, which bind to dengue-2 virus, could not be detected in negative-control VOPBA (Fig. 5) ; the negative test confirmed that the virus-binding protein detected in the VOPBA experiment was the binding molecule in the midgut of Ae. albopictus.
The results of the VOPBA experiment not only elucidated that there is a different binding protein in the midgut of Ae. albopictus and Cx. quinquefasciatus, but also provided an explanation of the dissimilar virus-binding characteristics with BBMF in the two mosquito species.
DISCUSSION
Studying the binding characteristics of BBMF from virus-infected mosquitoes and identifying the virus-binding protein in the midgut of a compatible mosquito vector will provide partial experimental evidence of the mesenteron infection barrier mechanism as well as a better understanding of the tissue tropism, pathogenesis and replication of viruses of the mosquito vector. BBMF of Ae. albopictus showed higher binding competence than that of Cx. quinquefasciatus in the radio-binding assay of dengue 2 to BBMF, and significant difference was found between the binding of dengue 2 virus with BBMF from Ae. albopictus and Cx. quinquefasciatus (pϭ0.0001Ͻ0.01). In the dot-blot virus protein-binding assay, the correlation between virus binding and BBMF dosages in Ae. albopictus was significant (Rϭ0.98777, pϭ0.0122Ͻ 0.05), but for the BBMF of Cx. quinquefasciatus, it was non-correlative (Rϭ0.64435, pϭ0.3556Ͼ 0.05). Mourya et al. (1998) and Arcus et al. (1983) found that vector mosquito BBMF virus binding correlated with the dosage of BBMF, while nonvector mosquito BBMF virus binding did not correlate. BBMF is the first part of the midgut to bind with viruses; to infect the midgut, a virus must first bind to the BBMF. The results of BBMF binding with the virus in this paper not only implied different dengue vector competences of Ae. albopictus and Cx. quinquefasciatus, but also suggested a difference in the virus-binding molecule of these two mosquito midguts. Xie et al. (2002) found that one day after oral infection with high dosages of dengue-2 virus, no virus could be seen in brash membrane cells in the midgut of Cx. quinquefasciatus, while virus cores could be found in brash membrane cells in the midgut of Ae. albopictus. Virus binding to the midgut via virus-binding molecules is essential for viruses to be able to infect the midgut. Angel, 1997) , and a 35-kDa receptor protein were also detected with dengue-2 virus on C6/36 cells (Liu et al., 2003) . In this paper, whether the virus-binding protein detected in the midgut of Ae. albopictus is the virus protein receptor of dengue-2 virus needs further study.
Cx. quinquefasciatus is also widely distributed in tropical and sub-tropical regions. Tang et al. (1987) and Huang et al. (1992) rejected the role of Cx. quinquefasciatus as a vector in propagating dengue-2 virus. Studies on dengue-2 vector determination of Cx. quinquefasciatus and the mesenteron infection barrier mechanism in the progress of dengue-2 infection in Ae. albopictus and Cx. quinquefasciatus were carried out by our research groups (Dong et al., 2000; Xie et al., 2002) . It was implied that Cx. quinquefasciatus is not a vector of dengue 2, and it was also found that the mesenteron infection barrier was the major reason for the vector competence difference between Ae. albopictus and Cx. quinquefasciatus. After a mosquito bites an infected person, the dengue-2 virus enters the mosquito. In order for the virus to be propagated, some infection barrier has to be suppressed in a vector, such as the midguts calve, midgut, or saliva gland, and then develop competence to transfer the dengue-2 virus to susceptible humans in the next bite (Gubler and Rosen, 1976; Gubler et al., 1979) . Among these infection barriers, the mesenteron infection barrier is thought to be the most important as it is the determining factor of the infection competence of mosquitoes for the dengue virus Leake and Johnson, 1987) . In this paper, we studied the binding characteristics of dengue-2 virus with BBMF and virusbinding protein in the midgut of Ae. albopictus and Cx. quinquefasciatus. Our results provided evidence for the theory of a mesenteron infection barrier and rejected the role of Cx. quinquefasciatus vectors in dengue-2 virus from pathogenic and vector competence viewpoints; on the other hand, they also provided insight into the mechanism of dengue infection in mosquitoes.
